Cancer metastasis is a leading cause of cancer morbidity and mortality. More needs to be learned about mechanisms that control this process. In particular, the role of chemokine receptors in metastasis remains controversial. Here, using a highly metastatic breast cancer (4T1) model, we show that lung metastasis is a feature of only a proportion of the tumor cells that express CCR4. Moreover, the primary tumor growing in mammary pads activates remotely the expression of TARC/CCL17 and MDC/CCL22 in the lungs. These chemokines acting through CCR4 attract both tumor and immune cells. However, CCR4-mediated chemotaxis was not sufficient to produce metastasis, as tumor cells in the lung were efficiently eliminated by natural killer (NK) cells. Lung metastasis required CCR4 + regulatory T cells (Treg), which directly killed NK cells using B-galactoside-binding protein. Thus, strategies that abrogate any part of this process should improve the outcome through activation of effector cells and prevention of tumor cell migration. We confirm this prediction by killing CCR4 + cells through delivery of TARC-fused toxins or depleting Tregs and preventing lung metastasis. [Cancer Res 2009;69(14):5996-6004] 
Introduction
The formation of metastatic colonies is a nonrandom process that starts early, during the growth of the primary tumor. In analogy with immune cells, tumor dissemination is presumed to require chemokine receptors. To date, expression of chemokine receptors were associated with cancer metastases, such as CXCR4, CCR7, and CCR10 in breast cancer (1) and CCR6, CCR7, CXCR5, and CX3CR1 in pancreatic, gastric, prostate, and non-small cell lung carcinoma cancers (2) . Among them, CXCR4 seems to be a major metastasis-regulating receptor (see ref.
3) that uses the lymph node trafficking network of hematopoietic progenitors and endothelial cells (1, 4) . Despite this, a direct role for chemokine receptors in mediating metastasis has not been defined, as the expression of chemokine receptors on the surface of tumors is rarely shown and difficult to confirm. Even for a widely used metastasis model, such as mouse mammary 4T1 carcinoma, the role of chemokine receptors has not been confirmed. The 4T1 tumor mimics human breast cancer in several ways; it readily and spontaneously metastasizes to lung, lymph nodes, liver, bone, and other sites after implantation into the mammary pad of immune competent BALB/c mice (5) . Metastasis of 4T1 tumor was mostly associated with a tumor-induced suppressive microenvironment and myeloid-derived suppressive cells (MDSC; Gr1 + CD11b + ; refs. [6] [7] [8] . It seems that 4T1 tumor activates and expands these cells through production of granulocyte macrophage colony-stimulating factor (GM-CSF; refs. 8, 9) to impair antitumor T-cell function directly (8) or indirectly through the development of regulatory T cells (Treg; ref. 10) . Tregs are a specialized subset of CD4 + T cells that control peripheral tolerance to self-antigen and alloantigen (11) . CCR4 + Tregs have been shown to infiltrate human tumors and suppress antitumor activity of tumor-infiltrating effector T cells (12) (13) (14) (15) . Consequently, Tregs are presumed to support metastasis through inhibition of antitumor T-cell immune responses.
Chemokines TARC/CCL17 and MDC/CCL22 control homing of CCR4-expressing immune cells into lungs and skin to elicit protective pulmonary responses to pathogens. They recruit Th2 type CD4 + T cells (16) , Tregs (17, 18) , and some interleukin 2 (IL-2)-activated natural killer (NK) cells, iNKT cells, and B cells (19) (20) (21) . An aberrant expression of TARC or MDC is often associated with allergic diseases causing massive infiltration of Th2 type CD4 + T cells (16, 22) . Interestingly, we have observed that lungs of mice with 4T1 tumor growing in mammary glands secreted significant amounts of TARC. This has led us to hypothesize that 4T1 cells may express CCR4 and migrate to lungs the same way as CCR4 + immune cells. Utilizing various tools, including a TARC-fused toxin (that we developed), which specifically kills CCR4 + cells (17, 23) , we show that CCR4 is expressed on a proportion of tumor cells that chemotax to TARC and metastasize to lung. However, despite this inherent capacity of the tumor to metastasize, lung metastasis required additional help from CCR4 + Tregs. We show that Tregs neutralize antimetastatic effect of NK cells by killing them using h-galactoside-binding protein (hGBP), an immunomodulatory protein, which is also expressed by CCR4 + Tregs 5 (24) and shown to induce death of activated T cells (25) (26) (27) .
Materials and Methods
Chemicals and reagents. Chemicals and reagents were from Sigma, unless specified otherwise. The following antibodies were used: antimouse pan-NK-FITC, antimouse CD27-PE, antimouse Ly-6G and Ly-6C (Gr-1)-FITC, antimouse CD11b-PE, and antimouse F4/80-APC from Caltag; antimouse CD4-FITC, antimouse CD25-PE, and antimouse Foxp3-APC from eBioscience; rabbit anti-mouse CCR4 antibody from Capralogics; and Alexa647-conjugated donkey anti-rabbit IgG polyclonal antibody from Invitrogen. Antihuman Gal-1 (AF1152 and BAF1152), anti-CD8-PE antibodies, and CD3 + T-cell enrichment columns were from R&D Systems, Inc. RPMI 1640, fetal bovine serum (FBS), Dynabeads for CD8, CD25, CD4 isolation and DETACHaBEAD reagent, carboxyfluorescein diacetate succinimidyl ester (CFSE), and ProLong antifade reagent were purchased from Invitrogen Corp. Cells were blocked with Fc block (anti-CD16/32; BD Biosciences). CD25 + CD4
+ cells were negatively selected using a mouse T-cell CD4 subset column kit (R&D Systems), which was followed with antimouse CD25-PE antibody and anti-PE antibody-conjugated microbeads (Miltenyi Biotec, Inc.), and NK cells were isolated using the NK cell isolation kit (Miltenyi Biotec, Inc.) following manufacturer's instructions. Cell purity was >90%, as assessed by flow cytometry. Human hGBP was previously described (27, 28) and was a generous gift of Dr. Livio Mallucci (King's College London). Production of TARC-PE38, CCL27-PE38, and SLC-PE38, chemokines fused with a truncated form of Pseudomonas exotoxin PE38, was reported elsewhere (17, 23) . Control nontoxic TARC-Ag protein consisted of TARC fused with tumor antigen OFA. The proteins were expressed and purified from BL21 (DE3) Escherichia coli (Stratagene) with >90% purity.
Cell lines, mice, and in vivo manipulations. The 4T1 mouse mammary carcinoma cells, human breast cancer MCF-7 and MDA-231, human CCRF-CEM (CEM, CCL-19), and MOLT-4 (CRL-1582) were from American Type Culture Collection; 4T1.2 is a single-cell subclone of 4T1 cells (5) . All experiments were performed using 4-to 8-wk-old female BALB/c mice and BALB/c background IL-10 knockout (KO) and nonobese diabetic (NOD)/ severe combined immunodeficient (SCID; NOD.CB17-Prkdc scid /J; H-2 d ; The Jackson Laboratory) in pathogen-free environment at the National Institute on Aging Animal Facility. Animal care was provided in accordance with the procedures outlined in the Guide for the Care and Use of Laboratory Animals (NIH Publication 86- 23, 1985) . Mice were challenged s.c. into the fourth mammary gland (pad) with 1 Â 10 4 of tumor cells. After 28 d of tumor challenge, lungs were analyzed for metastasis by ex vivo injecting India ink through the trachea, which was destained in Fekete's solution to + 4T1 tumor cells migrate to TARC (100 ng/mL), but not I-309 (100 ng/mL). Columns, chemotactic index of triplicate experiment; bars, SE. *, P < 0.05. count tumor nodules. NK cells or Tregs were depleted injecting i.v. 50 AL anti-asialo GM1 antiserum (Wako) or 500 Ag i.p. antimouse CD25 antibody or control IgG (PC61, BioXcell) at À1, 3, 10, and 18 d of tumor challenge, respectively. TARC-PE38 and other toxins (5 Ag) were injected intratumorally or via the tail vein at days 3, 7, and 10 after tumor challenge. BALB/c or IL-10 KO mice 10 7 splenocytes or 10 6 Tregs alone or mixed with 10 6 non-Tregs (as a source of IL-2) or 2 Â 10 6 non-Tregs were i.v. injected at days À3, 2, and 7 after tumor challenge to restore metastasis in NOD/SCID mice.
Detection of chemokine expression in lungs. TARC and MDC were tested by ELISA with antimouse CCL17 or CCL22 antibodies (R&D Systems, #MAB529 and #MAB4391, respectively) in lung extracts or broncheoalveolar lavage (BAL) washed with 1 mL PBS. Lung cells were isolated by digestion with 1 mg/mL collagenase (Sigma). Paraffin blocks of lung metastasis from three different patients with breast cancer and lung tissues of two healthy humans were from the Department of Pathology, University of Leipzig. Lungs of naive BALB/c mice (i.p. injected 5 d with 0.5 mL of serumfree tumor conditioned medium) or at day 28 after tumor challenge were paraffin embedded. Immunohistochemistry staining was performed as reported elsewhere (29) using the following reagents: human/mouse TARC antibody from Santa Cruz Biotechnology, Inc. and antigen unmasking solution (H-3300), horse serum (S-2000), Avidin-Biotin blocking kit (SP2001), goat IgG (I-5000), biotinilated antigoat IgG (BA-9500), strepatavidin-peroxidase and DAB Plus Substrate System from Thermo Scientific. All slides were also counterstained with hematoxylin.
In vitro manipulations. Chemotaxis of tumor cells and Tregs were assessed in a 48-well microchemotaxis chamber (NeuroProbe) with a 10-Am polycarbonate filter (Osmonics) coated with rat tail collagen type I (BD Biosciences) or using a 24-well tissue transwell plate (5-Am pore size, Costar; Corning Life Science), as previously described (30) . Results were expressed as mean chemotactic index (number of migrated cells to chemoattractant/number of migrated cells to control media) F SE of three wells. Tumor cell viability was assessed after 48 to 72 h of culture using cell proliferation reagent WST-1 (Roche Applied Science). To test Treg-mediated apoptosis of NK cells, CFSE-stained NK cells were cultured for 16 h with titrated amounts of either Tregs, non-Tregs, or hGBP in U-bottomed 96-well plates in RPMI with 10% FBS and 1000 units/mL human IL-2. Propidium iodide (PI) and Annexin V-Fluor staining kit (Roche Applied Science) were used to assess apoptosis.
Statistical analysis. The results are presented as the mean of triplicates F SD of at least three experiments. Differences were tested using Student's t test, and a two-sided P value of <0.05 was considered statistically significant. Data on lymphocyte subsets and breast cancer stage at study entry were collected during Institutional Review Board-approved breast cancer therapy trials conducted at the National Cancer Institute from 1993 to 2007; patients provided informed consent to research sample collection. The absolute number of NK, CD4 + , and CD8 + T cells/mm 3 was calculated based upon the percentage of these cells in the lymphocyte gate, the percentage of lymphocytes (defined as CD45 bright , CD14 À , SSC low ), and the WBC counts. Anonymized data were analyzed using Mann-Whitney nonparametric unpaired test to compare lymphocyte subsets from patients at stages II to IV at study entry.
Results
Primary tumor induces production of TARC and MDC in the lungs. We have detected significant amounts of TARC in the BAL of mice that were implanted with 4T1 cells in the mammary pad (Fig. 1A) . Because 4T1 and its derivative 4T1.2 cells readily metastasize to lungs (5), this raises an interesting possibility that the primary tumor activated CCR4 ligand (TARC or MDC) production in the lungs to facilitate recruitment of CCR4 + cells. To test this hypothesis, lungs of naive BALB/c mice were stained for TARC expression after i.p. injections of serum-free conditioned medium from 4T1 cells (tumor CM) or control medium. TARC was significantly up-regulated in lungs of mice that were treated with tumor CM (I), but not control medium (III) or PBS (Fig. 1B, IV ) . It was All experiments were reproduced at least thrice. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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Cancer Res 2009; 69: (14 predominantly expressed by epithelial and stromal cells (Fig. 1B, I ), but not by infiltrating immune cells (Supplementary Fig. S1 ). Expression of MDC was also significantly up-regulated in the lung cells of tumor CM-treated mice; it was mostly produced by nonimmune cells (Supplementary Fig. S2A ). In concordance, MDC was also produced from ex vivo cultured mouse primary fibroblasts when they were treated with tumor CM, but not control medium ( Supplementary Fig. S2B ). Thus, the primary tumor growing in the mammary gland can activate lungs to produce chemokine ligands for CCR4.
CCR4 is also expressed on a fraction of breast cancer cells that migrate to TARC. Next, we have tested whether 4T1 tumor cells (the name that will be used to collectively describe 4T1 and 4T1.2 cells) express CCR4. Indeed, as corroborated by reverse transcription-PCR assay ( Supplementary Fig. S3A and B) , a low level of CCR4 was detected on the surface of 4T1 tumor cells (Fig. 1C) . The receptor expression was functional, as 4T1 tumor cells chemotaxed to TARC (Fig. 1D) . Similar low but significant CCR4 expression (11%) was also detected on the surface of human breast cancer MCF7 cells ( Supplementary Fig. S3C ). Thus, CCR4 might be expressed only on a proportion of 4T1 tumor cells. To test this possibility, the cells were treated with TARC-PE38 (TARC fusion with a truncated toxin PE38; refs. 17, 23), a formulation that kills CCR4 + cells without adverse effects on CCR4 À cells ( Supplementary Fig. S4A ). Significant cell death was induced by the treatment with TARC-PE38 ( Supplementary Fig. S4B ), but not with control toxins (SLC-PE38 and CCL27-PE38 which target CCR7 and CCR10, respectively; Supplementary Fig. S4B ). However, TARC-PE38 treatment also generated resistant 4T1 and 4T1.2 cells (designated 4T1-PE and 4T1.2-PE, respectively; Supplementary  Fig. S4C ) that could not chemotax to TARC (Fig. 1D) Fig. 2A; Supplementary Fig. S5 ) and started dying at 4 weeks after tumor transplantation (data not shown). In contrast, almost no lung metastases were detected in mice challenged with 4T1-PE tumor cells, indicating that the loss of the CCR4 + subset Fig. 2D chemotax to TARC (100 ng/mL). They also migrate to extracts from lungs (Lung ext. ) of mice treated with tumor CM (as in Fig. 1B ) using CCR4. TARC was added in upper wells of chemotactic chamber to abrogate chemotaxis. Columns, chemotactic index of triplicate experiment repeated thrice; bars, SE. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
abrogates lung metastasis. Specifically, 4T1.2-PE challenged mice were completely free of lung metastasis ( Fig. 2A; Supplementary  Fig. S5 ). This is not due to in vitro selection-introduced artifacts of 4T1-PE cells, as lung metastasis of parental 4T1 tumors was also significantly reduced by in vivo intratumoral treatments with TARC-PE38 (P < 0.01; Fig. 2B ). In contrast, treatments with control TARC-Ag (a nontoxic formulation that also signals through CCR4; ref. 17) failed to reduce lung metastasis (Fig. 2B ). In conclusion, lung metastases are caused by CCR4 + 4T1 tumor cells. Tregs are required for lung metastasis. Tregs also express CCR4 and infiltrate lungs and tumors producing TARC/MDC (13, 18, 31) . Thus, they could also be recruited in the lungs of 4T1-bearing mice to protect metastasis through suppression of antitumor responses. To test this possibility, 4T1.2 tumor-bearing BALB/c mice were depleted of Tregs by systemic treatment with PC61 antibody. The mice treated with PC61, but not with isotypematched control antibody (mock), were almost completely free of lung metastasis (anti-CD25 antibody; Fig. 2C ). Thus, although some effector T cells could also be depleted, the data indicate that Tregs were required for lung metastasis of 4T1 tumor cells. To confirm this, we have transplanted 4T1.2 cells into T and B celldeficient NOD/SCID mice. In these mice, the 4T1.2 tumor growth was not affected at the primary challenge site (mammary pad; data not shown), yet the tumor cells were unable to metastasize. The lack of metastasis is not due to the inability of the tumor to activate lungs, as their BALs had readily detectable TARC and MDC ( Supplementary Fig. S6 ). In contrast, lung metastasis was restored in NOD/SCID mice after transfer of splenocytes from naive BALB/c mice (Fig. 2D) . Similarly, lung metastases were also restored after transfer of Tregs (CD25 + CD4 + ) either alone or in combination with non- Tregs (CD25   -CD4 + , as source of IL-2; Fig. 2D ). The transfer of the same number of CD25 À CD4 + T cells did not restore metastasis and only sporadically yielded a few metastatic foci (nonTregs; Fig. 2D ).
Lungs of tumor-bearing mice (data not shown) or mice i.p. injected with tumor CM, but not control medium, contained significantly enhanced amounts of Foxp3 + Tregs (P > 0.05; Fig. 3A) . Similarly, in the lungs of tumor-bearing NOD/SCID mice, their numbers were increased and maintained for 4 weeks only after transfer of Tregs and splenocytes (Fig. 3B ). Tregs were predominantly CCR4 + (Fig. 3C ) and chemotaxed to TARC ( Fig. 3D ; Supplementary Fig. S7 ) and to lung extracts from the mice injected with tumor CM using TARC (as the chemotaxis was completely abolished when TARC was present in the upper wells of the chemotaxis chamber, P < 0.001; Fig. 3D ). Thus, as reported for inflamed lungs (13, 18, 31) , tumor may also facilitate lung recruitment of CCR4 + Tregs to support lung metastasis. In support, the pretreatment of BALB/c splenocytes or Tregs with TARC-PE38, but not control TARC-Ag, prior adoptive transfer almost completely abolished the ability of BALB/c splenocytes (Fig. 4A) or Tregs ( Supplementary  Fig. S8 ) to restore lung metastasis in NOD/SCID mice.
Tregs promote lung metastasis by regulating antitumor NK cells. Tregs primarily regulate T-cell responses and promote escape from immune surveillance (13, 14, 32) . However, 4T1 tumors failed to metastasize in mice with impaired T cells (NOD/SCID mice) in the absence of Tregs, and depletion of CD4 + and CD8 + T cells did not affect lung metastasis of 4T1 tumors in BALB/c mice (Supplementary Fig. S9 ), indicating that lung metastasis was controlled by other immune cells. Because NK cells can exhibit antimetastatic activity (33) and can be controlled by Tregs (34), the inability of 4T1 cells to metastasize in NOD/SCID mice might be due to the loss of Tregs. Indeed, depletion of NK cells alone rendered NOD/SCID High CD4 + markers. *, P < 0.05; **, P < 0.01; ***, P < 0.001. mice susceptible to metastasis drastically enhancing 4T1.2 tumor foci in the lungs (Fig. 4B) . Because the transfer of Tregs in NOD/SCID mice (Figs. 2D) or depletion of Tregs in BALB/c mice (Fig. 2C ) restored or abolished lung metastasis of 4T1 tumors, respectively, these data taken together indicate that Tregs regulated NK cells to support lung metastasis. In fact, their numbers were inversely correlated in peripheral blood (PB) of tumor-bearing mice, and the PC61 antibody-mediated depletion of Tregs resulted in a significant increase of NK cell numbers (Fig. 4C) . The NK cell numbers were significantly reduced in PB of NOD/SCID mice that succumbed to lung metastasis due to the adoptive transfer of BALB/c Tregs or splenocytes (Fig. 4D) . In control mice treated with control antibody (IgG; Fig. 4C ) or transfused with non-Tregs (Fig. 4D) , the NK cell numbers were not changed. Tregs, but not NK cells, were also increased in the lungs of tumor CM-treated mice (Fig. 3A) .
The inverse correlation between Tregs and NK cell numbers also suggests that Tregs may directly affect viability of NK cells. Indeed, Tregs induced significant NK apoptosis when they were co-cultured in vitro (Fig. 5A) . However, to do this efficiently, the proportion of Tregs had to be at least 4-fold higher (4:1; Fig. 5A ), as they were by themselves killed by NK cells if mixed at lower doses (1:1; Fig. 5B ). This cytotoxic interaction between Tregs and NK cells is specific, as no reciprocal killing was detected when non-Tregs were cocultured with NK cells (Fig. 5A and B) . Although the purpose of the current study was not to elucidate the mechanisms of this killing, Tregs seem to use a previously unknown pathway involving the hGBP. Freshly isolated Tregs, but not non-Tregs, abundantly secreted hGBP (data not shown), and micromole amounts of recombinant hGBP induced significant apoptosis of NK cells, but not nonactivated T cells (Fig. 5C ). Of note, these amounts are several logs below the ''natural'' cytotoxic doses of hGBP (35).
The CCR4
À targeting strategies can efficiently control lung metastasis. Taken together, these data suggest that TARC recruits CCR4 + tumor cells together with CCR4 + Tregs to protect them from NK cells. Therefore, we hypothesized that lung metastasis may be controlled by strategies that target CCR4. To test this, 4T1 tumorbearing BALB/c mice were injected i.v. with 5 Ag TARC-PE38, a total of three times. In parallel, separate groups of mice were injected with 5 Ag control TARC-Ag, with toxin that targeted CCR10 (CCL27-PE38), or with 500 Ag of either anti-CD25 antibody or control IgG. Whereas control treatments, such as CCL27-PE38 (Supplementary Fig. S10 ), or TARC-Ag and control IgG did not affect lung metastasis (Fig. 5D) , lungs of the mice injected with TARC-PE38 or anti-CD25 antibody had significantly less metastatic foci (Fig. 5D) , indicating that the strategies that eliminate CCR4-expressing cells can reduce lung metastasis as efficiently as antibody-mediated depletion of Tregs.
Discussion
The role of chemokine receptors in cancer metastasis remains undefined. Even in the highly metastatic murine 4T1 breast cancer model, the role of chemokines and chemokine receptors has been thought to be indirect and associated with recruitment of other cells (36) . Here, we show that 4T1 tumor is actually heterogeneous and that lung metastasis is only mediated by CCR4 + tumor cells. CCR4 has never been linked with breast cancer or lung metastasis, and the fact that a small but significant proportion of human breast cancer MCF7 cells also expressed CCR4 indicates that this was not an isolated case. Nevertheless, CCR4 expression alone was not sufficient in the absence of an active participation of host immune cells. 4T1 tumor is known to expand Gr1 + MDSCs through production of GM-CSF, IL-1h, IL-6, and transforming + cells. 4T1.2 tumor-bearing mice were i.v. treated with TARC-PE38 or TARC-Ag, or control TARC-Ag or mock (PBS ). Columns, mean lung metastasis; bars, SE. Experiments were reproduced thrice. *, P < 0.05; **, P < 0.01; ***, P < 0.001.
growth factor-h (6, 7, 37) , which directly or indirectly impair immune responses and support survival and metastasis of 4T1 tumor cells (8, 10) . However, MDSCs may not be primary contributors of lung metastasis, because they were comparably well expanded in NOD/SCID mice that did not support tumor metastasis, and the depletion of Tregs also reduced the proportion of Gr1 + and GR1 Int / F4/80 + cells in tumor-bearing BALB/c mice (data not shown). Our data suggest that CCR4 + Tregs facilitate lung metastasis of 4T1 ) and NK cell counts in PB of patients with stage II and advanced disease (stages III and IV). B, schema that summarizes the finding. Primary breast cancer is heterogeneous; it consists of at least CCR4 + and CCR4 À cells (1) . TARC is induced in lungs by the primary tumor growing in mammary pad (open arrows, 2). This allows CCR4 + tumors to leave the primary site (3 ) and metastasize to lungs (2) . However, the cells are efficiently killed by NK cells (6), unless they migrate together with their protectors, CCR4 + Tregs (4). Tregs inactivate NK cells using hGBP (5). However, Tregs can be also killed by NK cells (7 ), if they are present at lower numbers. C, immunohistochemistry staining of mouse (I-III ) and human (IV-VI ) lungs with 4T1 tumors (II and III ) and human breast cancer (V and VI ). Control antibody (III and VI ) or anti-TARC antibody (II and V ) stainings of tumor-bearing lungs or normal tumor-free lungs (I and IV ) of mice and human, respectively.
tumors. Although the methods used here could also affect nonTreg T cells, we do not think that non-Treg cells helped lung metastasis. First, the depletion of CD4 + or CD8 + T cells did not affect lung metastasis in BALB/c mice. Second, the transfer of nonTreg T cells did not restore lung metastasis in nonpermissive NOD/SCID mice. In contrast, only depletion of Tregs could abrogate lung metastasis of 4T1 tumors in BALB/c mice. Moreover, the inability of 4T1 tumors to metastasize in NOD/SCID mice was reversed, and lung metastasis ability was restored by adoptive transfer of Tregs. This restoration failed if Tregs were pretreated with TARC-PE38 before the transfer that specifically killed CCR4 + cells. These results are in concordance with our previous report that Tregs are efficient suppressors of T-cell responses (17) .
Tregs adversely affect NK cell-mediated cancer therapy (34), presumably by suppressing NK cell activity (38) or NK cell maturation (39) or through inhibition of NK cell and dendritic cell cross-talk (40) . In concordance, our data indicate that Treg can also kill NK cells to protect lung metastasis. To do this, they use hGBP, a lectin-type immunomodulatory protein, which was shown to be abundantly expressed by Tregs (24) , specifically by CCR4 + Tregs. 6 At present, we can only speculate that the Treg-mediated killing of NK cells has probably occurred in the lungs. Unlike PB and lungs, no inverse correlation between Treg and NK cell numbers were detected in the secondary lymphoid organs of tumor CM-treated or tumor-bearing mice (Figs. 3A and 4C ). Because 4T1 tumor closely reflects human metastatic breast cancer, it is tempting to speculate that Tregs may also regulate NK cells facilitating human cancer progression, particularly in advanced disease when metastasis is prevalent. In support, using a retrospective analysis of lymphocyte subsets in 73 previously untreated patients with breast cancer, we have found that NK and T-cell levels were significantly reduced in patients with metastatic stage IV disease compared with those with nonmetastatic stage II tumors (Mann-Whitney nonparametric comparison for NK cells, P < 0.004, Fig. 6A ). Similar reduced NK cell counts and increased proportion of Tregs were also observed by others in PB of cancer patients with the advanced stages of head and neck squamous cell carcinoma (41) . The decrease in numbers of tumor-infiltrating CD8 + and CD56 + cells was also associated with a unfavorable clinical course of patients with Hodgkin's disease and colorectal cancer (42, 43) . These observations could presumably be explained either by the ability of Tregs to control the generation of mature NK cells (39) or by our finding that Tregs were, in fact, able to kill NK cells.
Overall, our data (summarized in Fig. 6B) show that lung metastasis of breast cancer 4T1 cells is an active multistep process; on one hand, it requires CCR4 expression on the tumor cells to home into lungs that are producing TARC or MDC. In fact, the primary tumor growing in the mammary gland actively prepares its metastasis target site through induction of TARC and MDC expression in lung. Although the mechanism of this remote induction of chemokine production remains unknown, lungs could be activated by a wide range of tumor-produced soluble factors that induce the mobilization and activation of MDSCs, such as tumor necrosis factor-a, IL-6, and GM-CSF (6, 7, 37) . However, even in the absence of this, TARC/MDC may be produced during pulmonary inflammation and various allergic diseases (22, 44) , which would periodically provide chemotactic stimuli for tumors. Despite this, lung metastasis cannot be established without the active participation of immune cells. As CCR4 + Tregs infiltrate inflamed lungs (22), we define CCR4 + Tregs as the required subset that infiltrate metastatic lungs. In support, FoxP3 + cell count was significantly increased in the lungs of tumor-bearing mice or mice i.p. injected with tumor CM. In addition, their long-term presence (at least 4 weeks) in the lungs of NOD/SCID mice was only detected in the mice that restored lung metastasis after adoptive transfer BALB/c Tregs, but not non-Tregs. Importantly, both the presence of Tregs and the support of metastasis in NOD/SCID mice were abolished if CCR4 + Tregs were killed by pretreatment with TARC-PE38 before transfer.
TARC/MDC expression is often correlated with a poor disease prognosis for cancer patients (1, 45) . In concordance, both murine and human breast cancer expressed TARC, as shown by immunohistochemistry staining of lungs with metastatic 4T1 tumor (II) and several (three of three) patients with breast cancer (Fig. 6 C, V ) . Although the biological meaning of this remains unknown, it is tempting to speculate that, as in human ovarian cancer (13) , this is to recruit CCR4 + Tregs and escape from immune surveillance. Taken together, our data suggest that CCR4 is also an important metastasis-associated receptor. Thus, strategies that target CCR4 (using TARC-PE38 treatment) or Tregs (using the antibody-mediated depletion of Tregs) would be expected to have significant benefit in the control of lung metastasis, as they would shift responses toward protective antitumor innate and adaptive immune responses. The restoration of NK activity is often a sign of better cumulative survival outcome in cancer patients (46, 47) .
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